Prasad AM, Inesi G. Effects of thapsigargin and phenylephrine on calcineurin and protein kinase C signaling functions in cardiac myocytes. Am J Physiol Cell Physiol 296: C992-C1002, 2009. First published February 25, 2009 doi:10.1152/ajpcell.00594.2008.-Neonatal rat cardiac myocytes were exposed to 10 nM thapsigargin (TG) or 20 M phenylephrine (PE) to compare resulting alterations of Ca 2ϩ homeostasis. Either treatment results in resting cytosolic [Ca 2ϩ ] rise and reduction of Ca 2ϩ signals in myocytes following electrical stimuli. In fact, ATP-dependent Ca 2ϩ transport is reduced due to catalytic inhibition of sarcoplasmic reticulum ATPase (SERCA2) by TG or reduction of SERCA2 protein expression by PE. A marked rise of nuclear factor of activated T cells (NFAT)-dependent expression of transfected luciferase cDNA is produced by TG or PE, which is dependent on increased NFAT dephosphorylation by activated calcineurin (1CN) and reduced phosphorylation by inactivated glycogen synthase kinase 3␤ (2GSK3␤). Expression of SERCA2 (inactivated) protein is increased following exposure to TG, whereas no hypertrophy is produced. On the contrary, SERCA2 expression is reduced, despite high CN activity, following protein kinase C (PKC) activation by PE (or phorbol 12-myristate 13-acetate) under conditions producing myocyte hypertrophy. Both effects of TG and PE are dependent on NFAT dephosphorylation by CN, as demonstrated by CN inhibition with cyclosporine (CsA). However, the hypertrophy program triggered by PKC activation bypasses SERCA2 transcription and expression due to competitive recruitment of NFAT and/or other transcriptional factors. A similar dependence on CN activation, but relative reduction under conditions of PKC activation, involves transcription and expression of the Na ϩ /Ca 2ϩ exchanger-1. On the other hand, significant upregulation of transient receptor potential channel proteins is noted following PKC activation. (4, 5, 24, 27, 28, 32-34, 39, 42, 54). The mechanism of SERCA2 downregulation, despite upregulation of alternate transcriptional pathways (36) by the hypertrophic program, remains an intriguing question. In this regard, an important factor is calcineurin (CN), which is involved in cardiac development (42) as well as cardiac hypertrophy and failure (9, 35, 52). CN is a Ca 2ϩ -activated phosphatase (30) of which its stimulation by Ca 2ϩ produces dephosphorylation and activation of nuclear factor of activated T-cells (NFAT) transcriptional factor (14, 15) . This provides a linkage between alterations of cytosolic Ca 2ϩ homeostasis and expression of Ca 2ϩ transport proteins. In fact, Ca 2ϩ signaling is involved not only in excitationcontraction coupling and modulation of contractile function but also in various other functions including transcription (6).
] rise and reduction of Ca 2ϩ signals in myocytes following electrical stimuli. In fact, ATP-dependent Ca 2ϩ transport is reduced due to catalytic inhibition of sarcoplasmic reticulum ATPase (SERCA2) by TG or reduction of SERCA2 protein expression by PE. A marked rise of nuclear factor of activated T cells (NFAT)-dependent expression of transfected luciferase cDNA is produced by TG or PE, which is dependent on increased NFAT dephosphorylation by activated calcineurin (1CN) and reduced phosphorylation by inactivated glycogen synthase kinase 3␤ (2GSK3␤). Expression of SERCA2 (inactivated) protein is increased following exposure to TG, whereas no hypertrophy is produced. On the contrary, SERCA2 expression is reduced, despite high CN activity, following protein kinase C (PKC) activation by PE (or phorbol 12-myristate 13-acetate) under conditions producing myocyte hypertrophy. Both effects of TG and PE are dependent on NFAT dephosphorylation by CN, as demonstrated by CN inhibition with cyclosporine (CsA). However, the hypertrophy program triggered by PKC activation bypasses SERCA2 transcription and expression due to competitive recruitment of NFAT and/or other transcriptional factors. A similar dependence on CN activation, but relative reduction under conditions of PKC activation, involves transcription and expression of the Na ϩ /Ca 2ϩ exchanger-1. On the other hand, significant upregulation of transient receptor potential channel proteins is noted following PKC activation. The observed alterations of Ca 2ϩ homeostasis may contribute to development of contractile failure.
sarcoplasmic reticulum Ca 2ϩ transport ATPase; cardiac hypertrophy; transient receptor potential channel proteins EXPERIMENTAL AND CLINICAL studies indicate that a reduced level of sarcoplasmic reticulum Ca 2ϩ transport ATPase (SERCA2) protein and related alterations of cytosolic Ca 2ϩ signaling are pathogenetic features of cardiac hypertrophy and failure (4, 5, 24, 27, 28, 32-34, 39, 42, 54) . The mechanism of SERCA2 downregulation, despite upregulation of alternate transcriptional pathways (36) by the hypertrophic program, remains an intriguing question. In this regard, an important factor is calcineurin (CN), which is involved in cardiac development (42) as well as cardiac hypertrophy and failure (9, 35, 52) . CN is a Ca 2ϩ -activated phosphatase (30) of which its stimulation by Ca 2ϩ produces dephosphorylation and activation of nuclear factor of activated T-cells (NFAT) transcriptional factor (14, 15) . This provides a linkage between alterations of cytosolic Ca 2ϩ homeostasis and expression of Ca 2ϩ transport proteins. In fact, Ca 2ϩ signaling is involved not only in excitationcontraction coupling and modulation of contractile function but also in various other functions including transcription (6) .
Transcriptional regulation of cardiac myocytes also involves protein kinase C (PKC), which is subjected to adrenergic activation and sustains an important role in development of hypertrophy and propensity to failure (1, 8, 18) . Adrenergic PKC and calmodulin-dependent protein kinase II activation initiates a phosphorylation cascade that eventually reaches histone deacetylase (HDAC) and promotes formation of transcriptional complexes (16) . It also inhibits glycogen synthase kinase (23) , thereby reducing phosphorylation of NFAT and increasing its nuclear availability.
With the experiments reported here we planned to clarify the roles of CN and/or PKC activation in SERCA2 expression and development of hypertrophy within the time frame of adrenergic induction in cultured neonatal myocytes. To this aim, we produced alterations of Ca 2ϩ signaling by inhibiting SERCA2 with very low concentrations of thapsigargin (TG), which resulted in strong activation of CN. On the other hand, we used phenylephrine (PE) or phorbol 12-myristate 13-acetate (PMA) to activate PKC (as well as CN) and produce hypertrophy. We then evaluated expression of SERCA2 and hypertrophy markers, such as atrial natriuretic factor (ANF), under conditions of activation of CN and/or PKC. We also explored transcription and expression of other proteins involved in Ca 2ϩ signaling, such as the Na ϩ /Ca 2ϩ exchange-1 (NCX1) and transient receptor potential channel (TRPC) proteins.
METHODS

Primary cell cultures.
Neonatal cardiac myocytes were obtained from neonatal (1 day old) rats. Harvesting of cardiac tissue was performed using protocols approved by the California Pacific Medical Center animal care and use committees. The minced ventricular muscle derived from 10 rats was incubated in a 10-ml medium (53) containing collagenase (0.357 mg/ml) and pancreatin (0.286 mg/ml) for 30 min. The supernatant was then discarded, and the remaining muscle fragments were subjected to five consecutive incubations. Each time the incubation mixture was centrifuged, and the pellet was resuspended in 2 ml horse serum and maintained at 37°C under 5% CO 2. The combined cell suspension was centrifuged again, and the pellets were resuspended in 20 ml of a 4:1 mixture of DMEM and medium 199, containing 5% fetal bovine serum (FBS) and 10% horse serum ("plating medium"). The dissociated myocytes were preplated in an uncoated P150 dish for 1 h at 37°C under 5% CO 2, thereby eliminating nonmyocyte cells by adhesion to the plate. The unattached myocytes were then removed and plated on gelatin-coated dishes or laminin-coated glass surfaces and cultured under 5% CO 2 in "plating medium" containing 0.1 mM bromodeoxyuridine.
Twenty four hours after plating was completed, the attached myocytes were washed with phosphate-buffered saline (PBS). A 4:1 mixture of DMEM and medium 199 containing 0.1 mM bromode-oxyuridine, 10 g/ml insulin, transferrin, and selenium (ITS, Mediatech), 0.1% BSA, 0.1 mM vitamin C, and 2 g/ml vitamin B12 (but no FBS) was then added ("serum-free medium"). The myocytes were then maintained at 37°C under 5% CO 2.
The cultured myocytes were observed by phase-contrast microscopy or following immunofluorescence staining.
Protein synthesis was measured by L-[ 14 C]phenylalanine incorporation as described in 1982 by Simpson et al. (48) . L-[
14 C]phenylalanine radioactive tracer [0.1 Ci per P35 culture plate (2.0 ml medium)] was added 15 h after plating. After a 72-h interval, the cells were washed with PBS, photographed by phase-contrast microscopy, and then denatured with 1.0 ml cold 10% trichloroacetic acid (TCA). After 1 h incubation at 4°C, the cells were rinsed twice with 1.0 ml cold 10% TCA, 1.0 ml of 1% sodium dodecyl sulfate was added, and the cells were allowed to dissolve for 1 h at room temperature. The radioactivity was finally measured by scintillation counting. The results were first expressed as radioactivity per cell (based on the cell counts by phase-contrast microscopy), and these results were finally converted to percentage change in PE-or TG-treated cells compared with controls.
Apoptosis. Apoptosis was assessed by microscopic visualization of nuclei. The cells were fixed with 4% paraformaldehyde (Sigma) and stained with 10 g/ml Hoechst 33258 (Molecular probes, Eugene, OR) in the presence of 0.1% Triton X-100 overnight in the dark at 4°C as previously described (45) . Possible morphological features of apoptosis (chromatin condensation and fragmentation) were monitored by fluorescence microscopy.
Myofibrillar structure. Cells grown on four-chambered slide wells were fixed (20 min) with 4% paraformaldehyde (Sigma) and permeabilized (15 min) with 0.1% Triton X-100 in PBS. Myocytes were then stained with Alexa Fluor 488 conjugated phalloidin (SKU no. Effect of TG inhibition or PE-induced adrenergic hypertrophy, or calcineurin (CN) inhibition, or PKC activation on ANF expression. ANF mRNA expression was quantified by real-time RT-PCR as described in METHODS. The ratios of ANF transcript level in experimental (i.e., TG, PE, PMA, or CsA treated) and control samples are compared with the ratios of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) transcript levels in corresponding samples. GAPDH is widely considered a stable reference in this methodology. Data are means Ϯ SD from n ϭ 6 preparations. Statistical significance was determined by ANOVA. *Significance (P Ͻ 0.05) versus control and all other treatments. As indicated, the TG ϩ PMA and PMA alone are significantly different from controls but not significantly different from each other. 12379, Molecular Probes) (1:100 in PBS) to visualize F-actin filaments and myofibrillar structure (3). The phalloidin-stained cells were viewed under a fluorescence microscope (ϫ40 objective).
ATP-dependent Ca 2ϩ transport in cell homogenates. After being rinsed with PBS, the cultured cells were harvested by being scraped in a resuspension medium (10 ml/100-mm dish) containing 50 mM 3-(N-morpholino)propanesulfonic acid (MOPS), pH 7.0, 10 mM NaF, 1 mM EDTA, 0.3 M sucrose and protease inhibitors [0.4 mM Pefabloc SC, (Roche), 0.5 mM dithiothreitol, 10 g aprotinin/ml, 2 g leupeptin/ml, 1 g pepstatin A/ml]. Suspensions were centrifuged for 5 min at 2,000 g, and the cell pellets were frozen and stored at Ϫ70°C.
ATP-dependent ( 45 Ca) Ca 2ϩ transport was assayed using homogenates of cultured cells. The reaction conditions were as described by Sumbilla et al. (49) . Transport by residual mitochondrial particle was inhibited with 1 M ruthenium red and 5 mM NaN 3 in the reaction medium. Control assays in the presence of 1 M TG were performed to ensure that no additional activity remained after specific inhibition of SERCA2. The rate of sarcoplasimc reticulum (SR) Ca 2ϩ uptake, as a function of Ca 2ϩ concentration, was plotted and fitted using Sigma plot analysis.
Cytosolic Ca 2ϩ transients. Cytosolic Ca 2ϩ transients were measured in cells grown on special culture dishes with laminin-coated glass coverslips. Cells were loaded for 30 min at 22°C, with a membrane permeant form of fura-2 (1 M) (Molecular Probes) and Pluronic F-127 (0.2%) (Molecular Probes) in pH 7.4 Ringer solution containing (in mM) 10 HEPES, 135 NaCl, 4.0 KCl, 1 Mg Cl 2, 1.8 CaCl2, and 10 glucose. In some cases Na ϩ -free solutions were also used. Na ϩ -free solutions contained equimolar amounts of N-methyl-D-glucamine. The cells were then washed with dye-free Ringer solution. Coverslips loaded with cells were placed in a special chamber mounted on an Olympus 1 ϫ 70 inverted microscope and connected to a circulating bath with Ringer solution held at 30 Ϯ 2°C. Measurements were performed using the Ion Wizard high-speed fluorescence imaging system with a MYO100 Myocam (Ion Optix; Milton, MA). Fluorescence emission from single cells was measured using 380 or 340 nm excitation and dye calibration and processing performed as previously described (12) . The cells were subjected to field stimulation of 10 V and 20-ms duration delivered most commonly at 1-Hz frequency. ⌬F/Fo signals were processed and analyzed with the customized software Ion Wizard 6.0 provided by Ion Optix. Cytoplasmic free Ca 2ϩ was calculated from background corrected fluorescence ratios (R ϭ F340/F380) using the equation (22), where Kd is the dissocciation constant and Q is the ratio Rmin/Rmax at 380 nm. Rmax was obtained at the end of each experiment in the presence of 1 mM Ca 2ϩ , and Rmin was estimated in the presence of 1 mM EGTA with no Ca 2ϩ . Data are shown as means Ϯ SD where n Ͼ 15. The threshold for statistical significance was set as P Ͻ 0.05 following a Student's two-tailed t-test. To measure Ca 2ϩ entry through TRPCs, the myocytes were grown on coverslips for 7 days and loaded with fura-2 (1 M), and the medium was changed to one that was Ca 2ϩ free and in which Na ϩ was replaced by N-methyl-D-glucamine (to prevent Ca 2ϩ exchange with NCX). After 8 min of exposure to 2 M TG (to stimulate store-dependent activation of TRPC channels) and 2 min of exposure to 10 M nifedipine (to inhibit Ca 2ϩ L-type channels), 1.0 mM CaCl2 was added by medium replacement and the fura-2 fluoresecence was monitored. The fluorescence was also measured in the presence of TRPC inhibitors 10 M SKF-96365. Each fluorescence trace is the Total releasable Ca 2ϩ from sarcoplasmic reticulum was estimated in single cells loaded with fura-2 (1 M). The cells were stimulated at 1.0 Hz for at least 1 min before exchanging the external Ringer solution with medium containing 10 mM caffeine and 1 M TG. Na ϩ was replaced by N-methyl-D-glucamine (to prevent Ca 2ϩ exchange with NCX). Fluorescence emission was measured continuously using 380 or 340 nm excitation.
NFAT activity assay. NFAT activity of myocytes in culture was assessed by transfection with pNFAT-luciferase (cDNA encoding luciferase under control of calcineurin-dependent NFAT promoter), as recommended by the kit supplier [Stratagene, pCIS-CK plasmid (catalog no. 219088), pNFAT-LUC Plasmid (catalog no. 219090), and luciferase assay kit (catalog no. 219020)]. The myocytes were transfected 72 h following exposure to experimental variables (i.e., PE, TG, PMA, or CsA), and collected 24 h later for determination of luciferase expression by luminescence assay in a Luminometer. In parallel experiments with green fluorescence protein we found that 8 -10% of the cells were effectively transfected under these conditions, as also reported by Djurovic et al. (17) .
Real-time quantitative RT-PCR. Total RNA was isolated using the RNeasy mini Kit (Qiagen catalog no. 74104) with on-column DNase digestion with the RNase-free DNase set (Qiagen catalog no. 79254) according to the manufacturer's instructions. Primers and probes were designed using Beacon Designer 4.0 software (BD) and are shown in Table 1 .
RT-PCR was performed by the SYBR Green method using an Applied Biosystems 7500 Fast Real-Time PCR System. The procedure was as follow: 1.0 g total RNA was used to synthesize cDNA by reverse transcription using the iScript cDNA Synthesis kit (Biorad) in a 20-l volume. PCR amplification was performed in a total volume of 20 l, containing 0.5 ng of the cDNA derived from reverse transcription, 25 pmol of each primer, and 10 l iQ SYBR Green Supermix. Each reaction was incubated for 2 min at 50°C, 10 min at 95°C, and then subjected to 40 cycles each of them involving denaturation at 95°C for 15 s and annealing/extension at 60°C for 1 min. Thereby the threshold cycle (C T) for fluorescence development was obtained. All samples were run in triplicate.
For comparative evaluation of transcript levels, standard plots of C T versus increasing quantities of cDNA derived from the total RNA of nontreated myocytes were first obtained for each gene of interest. The cDNA quantities to be used for each gene were then selected from the middle range of the slopes in the standard curves to avoid saturation effects and ensure detection of specific variations derived from experimental protocols. The C T values obtained in subsequent experiments were then evaluated with reference to the standard curve obtained for each gene. The ratios of genes of interest transcript levels in experimental (i.e., PE, TG, PMA, or CsA treated) and control samples were compared with the ratios of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) transcript levels in corresponding samples. GAPDH is widely considered a stable reference in this methodology.
RT-PCR was also performed by the TaqMan gene expression assays (Applied biosystem) using Applied Biosystems 7500 Fast Real-Time PCR System. Primers and probes (GAPDH: Rn99999916_S1 Gapdh; Fig. 5 . Cytosolic Ca 2ϩ transients in myocytes subjected to electrical field stimulation. The myocytes were exposed to 20 M PE for 7 days or to 10 nM TG for 3 days. The cells were subjected to field stimulation (1 Hz pulsing, 10 V, and 20-ms duration), and fluorescence emission from single cells was measured at 340 or 380 nm excitation using fura-2 dye. Background fluorescence was collected for every coverslip and used to correct the measured signals before analysis. Each trace represents the average of transients obtained from 30 to 50 cells over 4 -5 different preparations. Statistical significance was determined by Student's two-tailed t-test. The threshold for statistical significance was set as P Ͻ 0.05 following a Student's two-tailed t-test. It is clear that exposure to 10 nM TG or 20 M PE causes significant increase in resting cytosolic Ca 2ϩ level and reduction of Ca 2ϩ release following stimulation (A). In B, the Ca 2ϩ concentrations estimated from fura-2 fluorescence was normalized to the maximal change per each transient and peak heights were matched at the same time point. SERCA2: Rn00568762_A1 Atp2a2; ANF: Rn00561661_A1 Nppa; NCX-1: Rn00570527_A1 Slc8a1) for TaqMan assays were obtained from Applied Biosystems. Primers listed in Table 1 were used only for SYBR Green method.
Western blotting and immunofluorescence. Total protein was measured by the BCA assay kit (Pierce) after sonication of the harvested cells. Various protein components were separated in 7.5% or 12% polyacrylamide gels (31), transferred onto nitrocellulose paper, and stained with primary and secondary antibodies. Reactive bands were visualized by the Supersignal ECL Western blotting detection kit (Pierce), and densitometry was obtained in a NucleoVision workstation (Nucleotech) with Gel Expert software. Primary monoclonal antibodies for Western blots and immunostaining of whole cells were the following: NB100-237A (1:2,000) (Novus Biologicals) for SERCA2 and MF-20 (Developmental Studies Hybridoma Bank, University of Iowa) for myosin. The primary antibody for actin (1:5,000) was obtained from Sigma (A2066). The antibodies for various other calcium signaling proteins were the following: MA3-922 (1: 5,000) (Affinity bioreagents) for phospholamban (PLB), ACC-018 (1:200) (Almone Labs) for TRPC3, and 11-13 (1:1,000) (Swant, Bellinzona, Switzerland) for NCX1.
Statistical evaluation. Data are expressed as means Ϯ SD. Statistical analyses were performed using a paired Student's t-test or one-way ANOVA. Student's t-test was used for the comparison of two means, and a P values of Ͻ0.05 was taken to be significant. ANOVA was used for the comparison of multiple means. Where appropriate, differences among treatments were determined by ANOVA. When ANOVA revealed significant differences, Tukey's post hoc test for multiple comparisons was performed. P values of Ͻ0.05 were considered significant.
RESULTS
Cell growth and effects of TG and PE. As previously reported (41) , more that 95% of cells in our primary cultures derived from neonatal rat hearts are identified with cardiac myocytes by immunostaining of specific proteins such as myosin and SERCA2. Adrenergic hypertrophy is then obtained, as originally described by Simpson (47) , using serumfree culture media containing 20 M PE. In addition to the obvious enlargement visible by microscopy ( Fig. 1) , occurrence of hypertrophy was demonstrated by a 55-75% enhancement of overall protein expression within 3 days of PE exposure, as revealed by [ 14 C]phenylalanine incorporation. A 2.95 Ϯ 0.23-fold enhancement of ANF transcript level was also noted in myocytes exposed to PE for 3 days (Fig. 2) . A similar enhancement (Fig. 2) was produced with 100 nM PMA (1) , showing that direct activation of PKC with PMA yields results that are analogous to those obtained by ␣-adrenergic stimulation (1) .
In parallel experiments, we found that exposure of the myocytes to very low (10 nM) concentrations of TG yields no significant reduction in cell survival and growth, no obvious change in morphological characteristics (Fig. 1C) , and no change in the ANF transcript level (Fig. 2) or overall protein synthesis (0.96 Ϯ 0.02 with reference to control myocytes). Furthermore, we did not find significant evidence of apoptosis in myocytes exposed to low concentration of TG, as revealed Fig. 7 . ATP-dependent Ca 2ϩ transport and protein levels (SR ATPase, SERCA2) in homogenates of myocytes exposed to 20 M PE, 100 nM phorbol 12-myristate 13-acetate (PMA), or 10 nM TG. A: control myocytes are compared with myocytes exposed to 10 nM TG for 3 days or 20 M PE or 100 nM PMA for 7 days. Results are given as means Ϯ SD (n ϭ 4). For calcium transport, the variations of PE-, TG-and PMA-treated myocytes, compared with control myocytes, were significant with P ϭ 0.05, 0.002, and 0.05 (Student's two-tailed t-test), respectively. Inset: SERCA2 protein levels were measured by Western blotting and compared with the levels of actin protein.
Control myocytes are compared with myocytes exposed to 10 nM TG, 20 M PE, or 100 nM PMA for 7 days. For SERCA2 protein levels, the variations of PE-, TG-, and PMA-treated myocytes, compared with control myoctyes, were significant with P ϭ 0.01, 0.05, and 0.01 (Student's two-tailed t-test ), respectively. B: Ca 2ϩ concentration dependence of Ca 2ϩ transport rates. Inset: phospholamban (PLB) protein levels were measured by Western blotting and compared with the levels of actin. Half-maximal activation of Ca 2ϩ transport was pCa 6.81 for control and pCa 6.68 for PE-treated cells. ATP-dependent calcium transport was measured as described in METHODS. Homogenates of myocytes treated as indicated were used for measurements of SERCA2 protein by Western blotting or for measurements of ATPdependent calcium transport (see METHODS) . Results are given as means Ϯ SD (n ϭ 4). The myocytes were exposed to 20 M phenylephrine (PE) or 100 nM phorbol 12-myristate 13-acetate (PMA) for 7 days or 10 nM thapsigargin (TG) for 3 or 7 days. For SERCA2 protein levels, the variations of PE, TG, and PMA-treated myocytes, compared with control myoctyes, were significant, with P ϭ 0.01, 0.05, and 0.01 (Student's two-tailed t-test), respectively. For calcium transport, the variations of PE-, TG-, and PMA-treated myocytes, compared with control myocytes, were significant with P ϭ 0.05, 0.002, and 0.05 (Student's two-tailed t-test), respectively.
by nuclear staining with Hoechst 33258 (Fig. 3) . However, evidently related to the observed alterations of Ca 2ϩ signaling (see below), we observed reduction of spontaneous beating in myocytes exposed to PE and significantly greater reduction in myocytes exposed to TG.
We obtained further evidence of hypertrophic changes by assessing sarcomere organization. As seen in Fig. 4 control mycotes contained few assembled sarcomeres, as expected of preparations from neonatal rats. On the other hand, treatment of cardiac myocytes with PE for 3 days stimulated structural assembly, including prominent myofilaments with some sarcomere striation, as evidenced by actin staining with Alexa Fluor 488-phalloidin (Fig. 4) . On the other hand, TG-or CsA-treated cells did not show any significant change in actin staining (Fig. 4) .
It is of interest that exposure to PMA raised the ANF transcript levels even in myocytes treated with TG (Fig. 2) . Most importantly, however, CN inhibition with 0.2 M CsA prevented hypertrophy and the related rise in ANF transcript (Fig. 2 ) otherwise produced through PE or PKC activation by PMA. It is noteworthy that exposure of control myocytes to 0.2 M CsA did not produce obvious inhibition of growth or morphological changes (Fig. 1D) .
Cytosolic Ca 2ϩ signaling. It is shown on Fig. 5 that the resting cytosolic Ca 2ϩ level and the transients elicited by electrical stimuli are markedly altered in myocytes exposed to TG or PE. Using fura-2 dye indicator and taking advantage of Fig. 8 . Nuclear factor of activated T cells (NFAT)-dependent luciferase activity in cultured myocytes. A: neonatal cardiac myocytes were cultured as described in METHODS, exposed to 10 nM TG, 20 M PE, 100 nM PMA, or 0.2 M CsA for 3 days, and transfected with cDNA encoding luciferase under the control of CN-dependent NFAT promoter. Cells were harvested 24 h later for determination of luciferase expression by luminescence assay in a Luminometer. Data are means Ϯ SD from n ϭ 4 preparations. Statistical significance was determined by ANOVA. *Significance (P Ͻ 0.05) versus control and all other treatments. TG and PE treatments are not significant relative to each other. B: neonatal cardiac myocytes exposed to 10 nM TG, 5 M nifedipine (NF), or both for 3 days were transfected with cDNA encoding luciferase under the control of CN-dependent NFAT promoter. Cells were harvested 24 h later for determination of luciferase expression by luminescence assay in a Luminometer. Data are means Ϯ SD from n ϭ 3 preparations. Statistical significance was determined by ANOVA. *Significant increase or reduction (P Ͻ 0.05) versus control; #significant (P Ͻ 0.01) increase or reduction versus TG. Fig. 9 . SERCA2 transcript level as revealed by RT-PCR. Effect of TG inhibition, or PE-induced adrenergic hypertrophy, or CN inhibition on SERCA2 expression. SERCA2 mRNA expression was quantified by real-time RT-PCR as described in METHODS. The ratios of SERCA2 transcript level in experimental (i.e., TG, PE, PMA, or CsA treated) and control samples are compared with the ratios of GAPDH transcript levels in corresponding samples. GAPDH is widely considered a stable reference in this methodology. Data are means Ϯ SD from n ϭ 6 preparations. Statistical significance was determined by ANOVA. *Significant (P Ͻ 0.05) increase or reduction versus control and TG ϩ CsA. cDNA quantities required were low (reflecting a relative abundance of transcript levels) for GAPDH, SERCA2, NCX1, and ANF but higher for TRPC3 and quite higher for TRPC4 and TRPC6, indicating very low transcript levels of these genes in cultured neonatal rat cardiac myocytes.
its dual wavelength excitation properties, we estimated that in control myocytes the resting cytosolic Ca 2ϩ concentration was 42 Ϯ 5 nM and the peak level of the Ca 2ϩ transients was 612 Ϯ 46 nM. On the other hand, the resting Ca 2ϩ concentration (76 Ϯ 7 nM) was higher (P Ͻ 0.05) in myocytes subjected to adrenergic hypertrophy and even higher (P Ͻ 0.05) in myocytes exposed to TG (110 Ϯ 18 nM). In addition, the peak level of the Ca 2ϩ transients reached only 331 Ϯ 21 nM in myocytes exposed to TG, and 385 Ϯ 27 nM in myocytes exposed to PE. In both cases, these values are significantly reduced (P Ͻ 0.05) relative to those observed in control myocytes. It is noteworthy that the peak time (0.13 Ϯ 0.005 s) and the rate of decline ( ϭ 0.12 Ϯ 0.013 s) of control myocytes were affected (P Ͻ 0.05) by exposure to TG (peak time 0.22 Ϯ 0.032 s; ϭ 0.52 Ϯ 0.083). On the other hand, exposure to PE did not significantly change the peak time (0.13 Ϯ 0.019 s) but reduced (P Ͻ 0.05) the rate of decline ( ϭ 0.22 Ϯ 0.036 s).
When we normalize the Ca 2ϩ transients (Fig. 5B) , it is evident that the reduction of cytosolic Ca 2ϩ in the descending phase of the transients (corresponding to removal of Ca 2ϩ from the cytosol) is significantly slower in myocytes exposed to PE and even slower following exposure to TG.
Relative size of calcium stores. To assess whether the amplitude and time course of Ca 2ϩ transients was dependent on the Ca 2ϩ load of the SR, we monitored cytoplasmic [Ca 2ϩ ] following addition of 10 mM caffeine. For this purpose, the cells were paced at 1.0 Hz for at least 1 min before a delay of about 10 s, after which the medium was rapidly exchanged with the modified Ringer solution containing 10 mM caffeine (and 1 M TG to prevent reuptake of released Ca 2ϩ ). Recordings of fura-2 fluorescence then showed a quick rise of cytosolic [Ca 2ϩ ] upon addition of caffeine, and the elevated [Ca 2ϩ ] level rose remained relatively stable thereafter (Fig. 6) . Data derived from 25 cells per group, over three separate experiments, yielded an average maximal Ca 2ϩ concentration of 625 Ϯ 20 nM (at 20 s) in control cells (Fig. 6) , 350 Ϯ 27 nM in TG-treated cells ( Fig. 6 ; P Ͻ 0.05; compared with control), and 470 Ϯ 17 nM in PE-treated cells ( Fig. 6 ; P Ͻ 0.05; compared with control). These experiments show that the maximal Ca 2ϩ load of the SR was significantly reduced in myocytes treated with PE and even more with TG.
ATP-dependent Ca 2ϩ transport. Assessment of the effects of exposure to TG or PE on endogenous SERCA2 activity was conveniently obtained by measurements of ATP-dependent Ca 2ϩ transport by subcellular vesicles obtained by homogenization of myocytes. It is shown in Fig. 7A (and Table 2 ) that Ca 2ϩ transport was reduced by 96% following 3 days exposure to 10 nM TG, even though the level of SERCA2 protein Effect of TG inhibition, or PE-induced adrenergic hypertrophy, or calcineurin inhibition on NCX1 expression. NCX1 mRNA expression was quantified by real-time RT-PCR as described in METHODS. The ratios of NCX1 transcript level in experimental (i.e., TG, PE, PMA, or CsA treated) and control samples are compared with the ratios of GAPDH transcript levels in corresponding samples. GAPDH is widely considered a stable reference in this methodology. Data are means Ϯ SD from n ϭ 6 preparations. Statistical significance was determined by ANOVA. *Significant (P Ͻ 0.05) increase or reduction versus control and TG ϩ CsA. **Significant (P Ͻ 0.05) reduction versus TG. Fig. 11 . NCX1 protein expression levels as revealed by Western blots. Effect of TG inhibition or PE-induced adrenergic hypertrophy on NCX1 expression. Representative immunoblots show significant decrease of NCX1 expression (top) in hypertrophic myocytes and significant increase in myocytes exposed to TG. Changes in NCX1 expression are compared with actin levels in the same preparations (bottom). The results shown are representative of three independent observations. Fig. 12 . Transient receptor potential channel (TRPC3) transcript levels as revealed by quantitative RT-PCR. Effect of PE-induced adrenergic hypertrophy on TRPC3 expression. TRPC3 mRNA expressions was quantified by real-time RT-PCR as described in METHODS. The ratios of TRPC transcript level in experimental (i.e., TG, PE, PMA, or CsA treated) and control samples are compared with the ratios of GAPDH transcript levels in corresponding samples. GAPDH is widely considered a stable reference in this methodology. Data are means Ϯ SD from n ϭ 6 preparations. Statistical significance was determined by ANOVA. *Significant (P Ͻ 0.05) increase versus control and TG ϩ CsA.
(revealed by Western blotting: Fig. 7 , inset) was actually increased (Table 2) . On the other hand, in myocytes rendered hypertrophic by exposure to 20 M PE for 7 days, ATPdependent Ca 2ϩ transport was reduced by 44% relative to control preparations. An analogous reduction was produced by exposure of the myocytes to 100 nM PMA. In this case, the SERCA2 protein level (Fig. 7A, inset) was reduced proportionally to the observed reduction of Ca 2ϩ transport. It should be pointed out that the medium for Ca 2ϩ transport experiments did not contain either PE or TG. Therefore, the observed changes are due to effects produce in the culture media, preceding the Ca 2ϩ transport measurements. The Ca 2ϩ concentration dependence of SERCA2 activation, as revealed by transport rates, was not significantly changed in hypertrophic myocytes (Fig. 7B) , suggesting that the SERCA2-to-PLB ratio was not significantly altered. In fact, the PLB protein level (Fig. 7B, inset) was reduced proportionally to the observed reduction of SERCA 2 protein.
NFAT activation. An important aim of our experiments was to explore whether NFAT-dependent transcriptional activity (reflecting dephosphorylation by calcinuerin) was altered as a consequence of myocyte exposure to TG or PE, as a possible mechanism for up-or downregulation of SERCA2 expression (Fig. 7A, inset) . To this effect, we estimated luciferase expression following transfection of luciferase cDNA under control of NFAT promoter. Measurements of luciferase luminescence in homogenized myocytes then revealed a nearly fourfold increase in myocytes exposed to TG (Fig. 8) . Strong NFAT activation was also observed in myocytes treated with PE or subjected to direct protein kinase activation with PMA (Fig. 8) .
The rise in NFAT transcriptional activity by either TG or PE was completely reversed by CN inhibition with CsA (Fig. 8) , indicating a basic requirement for NFAT dephosphorylation by CN. It is of interest that in experiments performed to evaluate a possible role/interference of L-type channels in calcineurin activation, we found that nifedipine (L-type channel blocker) produced a moderate reduction of NFAT-dependent luciferase expression in control myocytes (Fig. 8) , indicating that Ca 2ϩ entry through L-type channels produces a basal calcineurin activation. On the other hand, nifedipine significantly increased NFAT-dependent luciferase expression in myocytes exposed to TG (Fig. 8) . This demonstrates that L-type channel function does not sustain the TG-induced CN activation. In fact, this finding suggests that (in the absence of nifedipine) L-type channels may in fact limit to some extent the CN activation produced through direct SERCA inhibition by TG.
Transcript levels of SERCA2 and other Ca 2ϩ handling proteins. The transcript levels for various proteins of interest were evaluated by time-resolved RT-PCR. To this aim, serial quantities of total cDNA (derived by reverse transcription of control myocytes RNA) were used for PCR amplification in the presence of specific primers (Table 1 ) to obtain titration plots of C T as functions of cDNA quantities. These curves were very useful for evaluation of transcript levels related to each gene of interest, avoiding the use of cDNA quantities below sensitivity or above saturation levels. Thus we were able to use for each gene of interest quantities of cDNA corresponding to the middle point of the curve obtained with cDNA obtained from control myocytes and therefore very sensitive to variation produced by experimental variables (i.e., hypertrophy, TG, or others). These quantities turned out to be significantly different for various genes in control myocytes (Table 3) , as they were low (reflecting a relative abundance of transcript levels) for GAPDH, SERCA2, NCX1, and ANF. However, they were higher for TRPC3 and even higher for TRPC4 and TRPC6, indicating low transcript levels of these genes in cultured neonatal rat cardiac myocytes (although higher levels may be found in adult animals: 10).
We then found that in myocytes exposed to TG the SERCA2 transcript levels were increased (Fig. 9 ), in agreement with the increased level of expressed protein demonstrated by Western blotting (Fig. 7A, inset) . The effect of TG was significantly reduced by the CN inhibition with CsA, indicating a CN Fig. 13 . TRPC-mediated entry of medium Ca 2ϩ into myocytes treated with PE. Downregulation of SERCA2 by adrenergic hypertrophy results in increased Ca 2ϩ entry through TRPC. The myocytes were exposed to 20 M PE as described in Fig. 1 . Seven days after exposure, the cells, which were grown on glass coverslips, were loaded with fura-2 (1 M), and the medium was changed to one that was Ca 2ϩ free and in which Na ϩ was replaced by N-methyl-D-glucamine. A: after 8 min of exposure to 2 M TG and 2 min of exposure to 10 M NF, 1.0 mM CaCl2 was added by medium replacement and the fura-2 fluoresecence was monitored. B: experiments were repeated in the presence of the TRPC inhibitor SKF-96365 (SKF, 10 M). Each fluorescence trace is the average derived from 10 to 15 cells in each of three different experiments. Statistical significance was determined by Student's two-tailed t-test. The threshold for statistical significance was set as P Ͻ 0.05 following a Student's two-tailed t-test. The Western blot in A demonstrates the increased expression of TRPC3 protein in myocytes undergoing adrenergic hypertrophy. dependence of SERCA2 transcription. As opposed to the rise produced by TG, the SERCA2 transcript levels were reduced by exposure of the myocytes to PE or PMA (Fig. 9) . In fact, exposure to PMA reduced SERCA2 transcript levels even in myocytes exposed to TG (Fig. 9) . This is an important observation, suggesting an apparently competitive inhibition of CN-dependent SERCA2 transcription by PKC activation. Our findings are in agreement with reports of selective downregulation of SERCA2 gene expression by PKC isozymes overexpression in neonatal rat myocytes (41) .
We also measured the transcript levels for the NCX1, a protein contributing to removal of signaling Ca 2ϩ from the cytosol to the extracellular fluids (11, 19) . We found that, in analogy to SERCA2, the NCX1 transcript levels were increased in myocytes exposed to TG, and this effect was reduced by CN inhibition with CsA (Fig. 10) . On the other hand, we found a significant reduction (27, 46) following exposure to PE or direct PKC activation with PMA (Fig.  10 ). Here again, direct PKC activation with PMA interfered with the TG-induced rise (Fig. 10) . A reduction of NCX1 protein expression in PE-treated myocytes and an increase in myocytes exposed to TG was demonstrated by Western blotting (Fig. 11) .
With regard to TRPC transcript levels, we found a significant increase following exposure to either TG or PE, as well to PMA. This increase was prevented by CN inhibition with CsA. We show these effects as specifically related to TRPC3 (Fig. 12) , since the cDNA quantities required to obtain titration plots of C T were lower than that of TRPC4 and TRPC6, indicating higher transcript levels and more reliable RT-PCR measurements. Similar effects, however, were noted for other TRPC proteins (29, 37) . Consistent with upregulation of TRPC transcription (Fig. 12) increased level of expressed protein demonstrated by Western blotting (Fig. 13, inset) , we found that influx of Ca 2ϩ into from the external medium through the external membrane was significantly increased in hypertrophic myocytes (Fig. 13) . This influx was strongly reduced by SKF-96365, a known TRPC inhibitor (7).
DISCUSSION
We obtained marked alterations of Ca 2ϩ homeostasis, including a rise in resting cytosolic Ca 2ϩ concentration (prevalent in myocytes exposed to TG), reduction of Ca 2ϩ peak intensity, and marked slowing of Ca 2ϩ removal from the cytosol (Fig. 5 ) in myocytes exposed to TG as well as in myocytes subjected to adrenergic hypertrophy. It is noteworthy that the resting Ca 2ϩ concentration was significantly higher in TG than in PE-treated myocytes and, since the peak Ca 2ϩ height was not significantly different, the Ca 2ϩ released upon stimulation of TG-treated myocytes was lower. This difference may be produced through specific alterations and may account for different effects on activation of gene transcription (see below). In fact, the alterations of Ca 2ϩ homeostasis were evidently produced through two different mechanisms. In myocytes exposed to TG, this effect was produced through direct inhibition of SERCA2 Ca 2ϩ transport activity, even though SERCA2 expression was not reduced but rather increased (Fig.  7A, inset) . In the case of adrenergic hypertrophy and PKC activation, on the other hand, alterations of Ca 2ϩ signaling were evidently due to reduced expression of Ca 2ϩ handling proteins (Figs. 7 and 9 -11) such as SERCA2 and NCX1. This (Figs. 9 -11 ).
7)
The CN requirement for NFAT dephosphorylation and activation of both SERCA2 expression and hypertrophy program were demonstrated by the inhibitory effect of CsA (Figs. 2 and 9) . The signaling pathways shown above were selected from Mudd and Kass (36) and references therein. TG, thapsigargin; PE, phenylephrine; PMA, phorbol 12-myristate 13-acetate; CsA, cyclosporine; SR, sarcoplasmic reticulum; SERCA2, sarcoplasmic reticulum Ca 2ϩ ATPase; CN, calcineurin; NFAT, nuclear factor of activated T-cells; ANF, atrial natriuretic factor; PKC, protein kinase C; PKD, protein kinase D; GSK3␤, glycogen synthase kinase 3␤; MAPKs, mitogen-activated protein kinase. reduction is at variance with the increased expression of several other proteins through the transcriptional program triggered by PKC activation, which is likely accomplished through a phosphorylation cascade that inactivates HDAC and promotes formation of transcriptional complexes (1, 36) .
Exposure to both TG and PE (or PKC activation with PMA) produced a strong increase of NFAT-dependent luciferase expression (Fig. 8) , indicating activation of calcineurin phosphatase. Similar CN activation was also obtained following SERCA2 gene silencing with small interfering RNA (44) . This effect may be related to the rise in resting cytosolic Ca 2ϩ (prevalent following exposure to TG) and CN activation through Ca 2ϩ binding to calmodulin (30) . In the case of exposure to PE and PKC activation with PMA, NFAT-dependent luciferase expression is likely to be also increased by inhibition of glycogen synthase kinase (GSK3␤) and consequent reduction of NFAT phosphorylation (23) . It is noteworthy that L-type channel blockage with nifedipine did not interfere, but actually increased, the NFAT activation produced by TG (Fig. 8B ). In addition, it was reported that nifedipine does not interfere with NFAT activation produced by PE (26) . Therefore, we conclude that the NFAT activation either by TG or PE observed in our experiments could be produced even in the absence of L-type channel function.
We find that in myocytes exposed to TG, CN activation is accompanied by strong upregulation of SERCA2 and NCX1 (Figs. 9 and 10) , indicating an important role of NFAT dephosphorylation by CN for transcription of these Ca 2ϩ handling proteins. In fact, the SERCA2 and NCX1 rise of transcript levels is reversed by CN inhibition with CsA (Figs. 9 and  10 ). This is in agreement with the finding that transgenic expression of constitutive active CN increased SERCA mRNA and protein, as well as Ca 2ϩ handling in isolated myocytes (13) . However, a most intriguing finding is that CN activation is not accompanied by upregulation of SERCA2 and NCX1 in myocytes subjected to adrenergic hypertrophy or direct PKC activation with PMA (Figs. 9 and 10) . Reduction of SERCA2 (41) and NCX1 (2, 20, 21, 27) transcription, expression, and activity in adrenergic hypertrophy was previously observed. It is noteworthy, however, that at least in one report (27) , some contradiction between reduced NCX1 activity and increased NCX1 expression was noted, depending on diverse experimental conditions. A most important mechanistic feature to understand is that both SERCA2 and NCX1 expression will be increased under condition of CN activation but will not be increased if adrenergic interference is also present. In our experiments, it is clear that SERCA2 and NCX1 are upregulated following exposure to TG but downregulated in adrenergic hypertrophy through PKC activation, even though similar levels of CN activation are produced under both experimental settings.
The SERCA2 transcription rise triggered by TG (Fig. 9 ) and the transcriptional program (i.e., ANF) triggered by PKC (Fig.  2) are both dependent on CN activity and NFAT availability. On the other hand, transcriptional regulation of SERCA2 has been shown to be influenced by additional factors such as Tbx5 (56), Sp1 (50) , and ATF6 (51). Our observations, outlined in Fig. 14 , suggest that the SERCA2 and the (PKC activated) hypertrophy transcriptional programs include elements of specificity, whereby competitive recruitment of NFAT and other transcriptional factors occur in separate pathways for transcription and expression. It is possible that competitive recruitment affects expression pathways, in addition to transcription. Interestingly, this competition does not seem to affect TRPC transcription or even the NFAT-dependent transcription of the transfected luciferase plasmid (Fig. 8) . Reduction of SERCA2 and NCX1 protein expression, in conjunction with increased expression of TRPC channel proteins (38) , is evidently a major pathogenetic factor in alteration of Ca 2ϩ signaling and homeostasis in the ensuing hypertrophy (8) at least under conditions of ␣-adrenergic activation. It is clear that an increased concentration of cytosolic Ca 2ϩ at rest would interfere with relaxation and produce diastolic dysfunction. Furthermore, a reduced Ca 2ϩ rise following stimuli would limit contractile activation and interfere with systolic function.
